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Fremixins-prevaporizing fuel systems were evaluated for use with a eatalytie 
reactor for [xjssible automotive gas turbine application, bpatial fuel- air distribu- 
tions, degree of va|X)rization, |)ressure drop and air velocity profiles were mea- 
sured. Three airblast injectors and an air- assist nozzle were tested. Air swirlers 
were used to improve the spatial fuel- air distribution. The work was done in a 
12 cm tubular duct. Test conditions were: a pressure of O.H and 0. 5 Ml^a, inlet 
air temperatures U|) to 8UU K, air velocities of 10 and 20 m/s and fuel-air raticjs 
in up to 0.020. The fuel was Jet A. The best results were cjbtained witli an air- 

X 

S blast configuration that used multijile cones to provide high veloc ity air lor atomi- 

zation and also straightened the inlet aii-flow. With tliis configui-ation, uniform 
spatial fuel-air distributions were ' litained witli mixing lengths greater than 17.8 cm. 
In this length, valorization of the fuel was 98.5 percent complete at an inlet air 
temperature of 700 K. The total pressure loss was 1.0 percent with a reference 
velocity of 20 m/s and 0.25 oerc-ent at 10 m/s. Tlie air veloc ity was uniform 
across the duct :cnd no autoignition reactitos were observed. 

INThODUCTION 

The Lewis lleseai'ch Center lias been working in sup|xirt of the EKD.A (now IX)E) 
automotive gas turbine |)i-ogi am to advanc-e the technology rcxiuircd to obtain an 
engine with high fuel economy and low emission levels. Catalytic combustors have 
shown the |X)tential for low emission levels (refs. 1, 2, and 5) and are being eval- 
uated for use in an automotive gas turbine, ('atalyst evaluation work at Lewis 
utilizing vaporized jiropane is described in references 1 and 2. '1‘his paper des- 
cribes the effort to develop a licjuid fuel preparation system to be used in eval- 
uation tests of a catalytic converter. 

Iteciuirements for a fuel preparation system for a catalitic converter should 
provide uniform fuel and velocity distributions, complete vaporization, no auto- 
ignition oi' flashback, and low pressure loss. Uniform fuel distribution and 



complote va|x)rization are neeehsary since eatalylie substrates are currently 
limited to temperatures of IHUU K, thus rich zones or Ikpiitl drops l)urnlnK off the 
substrate could damage it. A uniform velocity profile across tlie diameter of the 
duct is necessary since tlie effectiveness of the catalytic i-onversion is dependent 
on throughput across the duct. Autjlf>nition or flasliback must be prevented since 
this could damanx' the carburetor or the catalytic section and higli levels of NO^ 
misht result. For an aiitiunotive application it is desired to keep tlie combustor 
total pressure loss below .T percent. A 2 percent loss for tlu* catalyst section is 
practicable (ref. 2), so a 1 jiercent drop for the fuel injector would be aci-eptable. 

Witli consideration of tlie above, tlie goals established (somewliat arbiti-arily) 
for the fuel preparation system performaiu'e an*: 

1. bpatial fuel-air distribution within ±10 |>eicent of the mean. 

2. i)0 percent of tlie fuel va|x)rizi“d at an inlet air temperature of SUO K. 

2, \'cloc‘ity ilistribution across tlu* duct witliin ±10 |H'ri-ent of tlie mean. 

1. No auloignition or flashback. 

5. Pressure drop less than 1 percent. 

At the Woi'kshop on Catalytic Combustion last year, data was presented 
(ref. 1) in whii-h all the above goals were met with the exception that velocity dis- 
tributions were not measured. However, cool flame reactions wi>rc observeil at 
an inlet air temperature of SOO K, Thus it was felt that autoignilion would l>c a 
problem at the higher inlet temperatures of 1020 K in pri*sent experimental auto- 
motive gas turbines, ainl even higher ti'iiipcratu res of projioscd engines. To pii'- 
vent autoignition the liwcll tinu' or length should he decreased. .Also a shorter 
fuel preparation system would make a better automotive [lackage (previous length 
was 2.") cm). Tlu- effort described lu'rc was to investigate fuel pi’cparation sys- 
tems that would have a rediii nl length ami dwell time and to iiK'asure velocity 
distributions for tlu i>est system. 


AIM A It Alls 
Test Itig 

Figure 1 is a schematic of the test rig. The airflow rate was measuii'd by 
a square-i'dgi’d orifice. The air was hi'ateil tt» SOO K in a noiu itiating pi’eheater. 
The fuel tlow rale was measured by two turbine flownu'ters in series. The ilucl 
diamctei’ was 12 cm. .\ li'm|)erature and pi’cssuii' nu'asu I'l'mi-nt was taken u|v- 
slream of the injei’tor. 

Two sample c-olleiting pix)bes. 00*’ apart, were located ilownstream of the 
fiu'I injcitor to sample the fuel-air mixture. Tlu' fuel-aii’ ratio was di'termined 
by passing tlu* mixture sample over a i*atalyst heated in an oven to 1020 K and 
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annly/ing the prociuctt; of combuKtion for earixjn monoxide, earbon dioxide and 
unburned hydi*ocarbons. Carbon monoxide and earbon dioxide eoncentrations 
were measured on Beekman nondispersive infrared analyzers and unburned 
hydroearbon coneentralions were measured on a Beil;man Flame Ionization 
Deteetor. The amount of unbm-ned hydroearbons and earbon monoxide mea- 
sured was nenlifjible beeausc mixline ratios were very le:ui. A teni[)erature and 
pressure measurement was also taken at this station. 

The sampling proljcs were useil to make veloeity measurements at ross llie 
duet. With no flow througli the probe, tlie total pre.ssure at a fxiinl i-ould be ol>- 
tained and tlie veloeity ealeulated using tlie wall slatie pressure measurement 
(sinee the wall statie pressure was used instead of the loeal statii- pressure 
the veloeity ealeulalion is only approximately eorreet). 

Twenty-five eenlimeters downstream of the probe station was a eatalylie 
eonverter seetion. This seelion wa.s used to simulate the pressure dro|) tlown- 
stream of the fuel injeidor and to react the unbui-ned fuel. 1'urtlu‘r downstream 
was an afterburner seetion in wliieh llie fuel-air mixture was enrielieil with hyilro- 
gen to complete the combustion at conditions where tlie catalytic convci-ter was 
inefficient. Watei' was injected to cool the exiiaust pi-oduets and a l)ac-k |)ressure 
valve was useil to control the rig pressure. 

Injeetoi-s 

Four fuel injectors were evaluated and the results are diseusseil in this 
re|K)rl. They were an air- assist atomizer, a splasli- groove injector, a multiple- 
jet injector ;uul a multi|ile i-onical tube injector. The air- assist atomizer was 
a Hartman whistk'-type that tlepends on a higfi-veJoeity externally-supplied air- 
stream for atomization. The other threi* injeidoi’s ai’e airblast atomizers; tliat 
is, they rely on the relative veloi-ity between fuel and aii‘ for atomization. 

bonicore nozzle . - The air-assist noz/le was a Hartman whistle-typi* tiiat is 
produced eommerieally by bi>nie Development Cor|xiration. The particul.ar no/zl. 
useil was a bonii-ore I'/N 12.5 M-.A. This nozzle (see fig. 2(a)) uses an external 
air supply which provides a high velocity airstream for atomizing. .As tlie air- 
stream impinges u|H)n the resonator cap, it produces strong loi-al shock waves in 
the space between the nozzle and cap. Fuel is |iumped oi- suiked into tin air- 
stream and the result is a cone shaped spray pattern of finely alomizi>d droplets. 
The external airstream had a supply pressui’e of 0.5.5 MPa. 

bplash-gniove fuel injector . - This injector was developed by Ingebo (ref, 5) 
and the principal features of the injector are shown in figure 2(b). Fuel is in- 
jected through orifii'es onto three gnioved jxirtions of the nozzle. The fuel 
splashes over the lips of each of the three grooves and is atomized by tlie airflow. 
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Miiltiplo-jct injector . - I'lu* nuillipk'-jet Injcftor shown in fljjure 2(c). 
t>ixly-oiU' orifict's of 0.25 mm iliametor were loeated so tliat each of the 01 orifices 
injects fuel cross-stream into a space of appixjximately iniual area. For some 
tests, a plate with drilled holes was placed upstream. 'I’hls plate had some holes 
that were larger ;uul some that were smaller than the rest of the holes in an effort 
to lm|)iove the fuel- air spatial distribution. 

Multiple c-onical tube injector . - I’liotojirajjlis of this injector are shown in 
finure 2 pi). Twenty-one conical lubes formed a tube bundle tlnough which the air 
would flow. L’ach conical lube had :m upstream diameter of 1.2 cm and a down- 
stream diameter of 2.2 cm. 'The length of tlie conical tubes was It). 1 cm. Fuel 
was injected at llie upstream end of the conlc-al tul)c Ihroujih a U.5 mm inside diam- 
eter open c'lulcd fuel tube. Fac-h fuel lube had a lengtli of 25. 1 cm. 

.Air swirlers . - Willi llie Sonic-ore and Splash-tlixiove fuel injectors, air 
swirlcrs were used to improve the spatial fuel- air distribution. Typical swirlers 
are shown in figure 2u*). Two types of swirlcrs were used; a simple swirlcr in 
which there were lU flat blades all at a constant ;uiplc to the How and a c-ompoumt 
swirlcr in which there were S blades in the inner swirlcr at a 20^’ anjilc to the flow 
and IG liladcs in the outer swirlcr at a GU^’ lUigle to the flow. 

ItFSUl/rs .AND DIMTSMON 

The spatial fucl-air distribution will be discussed for cac-h of the four fuel 
injectors. A’ajiorizalion. (iix'ssure drop and air velocity distribution data will be 
presented for the c-onical lube fuel injcc-lor which had the Jcst fucl-air distribution 
results. No autoij;nit’.>n problems occ-ui-rcd with any of the injectoi-sat the- eondi- 
tions tested, allhoujih not all injectors were tested at the hij;hest tempei-ature or 
pressure. 

The spatial fuel- air distributions were found by traversing the sample probes 
aci-oss the diameter of the duct. The fuel- air ratio was sampled isokinelieally 
at seven |R>ints across the diameter of the duct with each probe. 'The fuel-air 
ratio in the plots are iiormali/.cd using the mean fiu>l-aii- ratio. The i-eferereiu-e 
veloc-ity is the inlet velocity c;dculated using the inlet aw tc-mpe-ratu re. inlc-t 
pressure, aii' massflow, and the area based on the 12 em diameter. 


i5onii-ore Fuc-l Injeetor 

'The spatial fuel-air distribution data oblainc’d with the Smieore fuel injec tor 
were not uniform.. With the use- of a 20*^’ \ ;uu' angle air swirlcr the profile was 
vc-r> c-entc-red pc-aked (fig. 2). The fuel- air ratio in the c-entc-r of the- duct was 
over tour tinu-s the- nu-an value and thc*re was vcr> little* fuc-l lu-ar thi* walls. With 



a -15 vane angle air swirler the profile improved so that tlic fuel-air ratio was 

3. 1 times greater than tlie mean in the center of tlie duct and about 0. 5 of the 
mean at 0.5 cm from the wall. With a G0° vane angle air swirler the profile fur- 
ther improved but still was imacccptable. In the center the fuel- air ratio was 
1.8 times the mean. The profile was not symmetrical witli a local fuel- air ratio 

1. 1 times the mean at 1 cm from the wall and a value of 0.8 at 1 cm from the 
opposite wall. This nonsymmeti*y probably is the result of an Interaction between 
the fuel tube, air assist tulx' and air swirler. A similar occurrence is rc|)orttHl 
in reference 6. 

Adding a com|xjund air swirler improved the profile as sliown in figure 
The fuel- air ilistribution was nearly uniform as one probe traversed liori/.ontally 
across the liuet but witli the traverse perpendieular to this (vertical) nonsyminetry 
again was evident. 'I'he maxiimim fuel-air ratio (vertical profih*) was 1. I times 
the mean fuel-air ratio as compared to 1..3 for the 00^ v:uie ;ingle air swirler. 


S|®isli-Croove Fuel Inji'ctoi’ 

The spatial fuel-air (listril)ution obtaineii with the splash-groove fuel injeetor 
is presented in figure i. With ;m inlet duet diameter of 12 cm ami a 15‘* vane :uigle 
air swirler the profile is nonsymmetrie witli a fuel-air ratio of U.b.") of the me;ui 
at one side of the duet and 1.55 at the otlier siile. The nonsymmetry is assumed 
to be caused by the interaction of the fuel lube ami the air swirler as discussed 
with the honieore fuel injeidor. 

hi referonee I uniform spatial fuel-aii’ distributions were obtaiiu'd with a 
7.G I'lu inlet ilianuder and 3(>'’ air swirler. Therefore, a reduction of inlet diam- 
eter from 12 to 10.2 cm with a 30*^ air swirler was tried to improve the distri- 
bution. A 15.2 cm long diffuser was useil to expand fiom 10.2 to 12 cm. The 
distribution obtained was williin i20 percent of the nu*an at a mixing length of 
2 1 cm. Decreasing the mixing length to 15.2 cm residted in a poorer ilistri- 
bution. .-U 0.5 cm from the wall the fuel-air ratio ranged from 0.5) of the mean 
to 0. 50 of the me:m when the mixing length went from 2 I to 15.2 cm. 


Multipk'-.lel Fuel Injector 

'Fhe spatial fuel-air distribution obtained with the mullipk'-jel fuel injector 
was within i 10 percent of the mean after a mixing length of 25 cm dig. 5). t'ali- 
bralion of the individual 01 orifici's of the fuel injeetor showed the Oow througii 
each to be within ilO percent of the mean. Thus the airllow iiistril)ulion upstream 
of the fuel injector probably was not uniform. .Another |H)ssibility is that the 
mixing- va(K)ri/.ing process did not have sufficient time or length to bi> completed. 
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A diillod pliiti', shown in fifniro 2(c) was placed upstream of tlio fuel Injec- 
tor to im|)n)vc the inlet air velocity pixjfile. The drilled plate luid larger holes 
in the center where tlie fuel- air ratio was hip;h and smaller holes where tlu> 
fuel- air ratio was low. Tlie resulting; pixjfile was an improvement (sec fig. 5) 
with the tiistribution within i2U percent of the mean. 

The pressure drop was negligible without the drilled plate but increa.'^ed to 

1.0 |K'!vent with the drilled plate at an inlet air temperature of SOU K, inlet 
pressure of 0. MPa :uul reference veku'ity of 20 m/s. 

Mulitple t'onieal Tube Puel Injei’tor 

To impixjve U|h)ii tlie spatial fuel- air ilistritnition olilained with tlie multipli'- 
jet fuel injec-tor, tlie multiple innical tube fuel injector was designed. ’Hie ri'- 
dueed area at tlie inlet served threi- functions. Pirst the pressure drop would 
help straigliten out ;uiy airflow nonuniformii ies. Second, the increased air 
veUieity ^veloeity at tube inli-t was over I times the refeivnee veloidty) wouUl 
imi ne the at*mii/ation of the fuel and thus improve va|H)i'i/.ation ;uid mixing, 
riiird. the dwelt time is reduced and thus :uiy autoignition problems that might 
occur at higher teni|>eratures and pressures would be rediu'cd. 

Nearly uniform spatial fuel-air distributions were obtained with the multiple 
eonii-al tube fuel injector. With a mixing length of 22.0 i in (fig. GuO) the dis- 
tribution was always within the design goal of ill* pei'cent of the mean at an inlet 
air temperature of 800 K. inli’t air pressuri of 0.2 MPa. refi'reiua' veUndties 
of 10 and 20 ri/s ami fuel-air ratios of l*.00li."> and O.Ollio. The distribution 
was slightly more uniform at 20 m s than at 10 m s. 

Decreasing the mixing length to 17. S cm ri'sulted in a fuel-air dist I'ibution 
dial generally is within ill* perieni of the mean with the largest deviation being 
20 percent above the mean dig. Gdi)). I'urthcr tleci'ca.»ing the mixing length to 
12.7 cm resulletl in jirofiles that were not lU'arlv as uniform with the fiu'1-air 
ratiit varying from 20 pen-eiit below the mean to It* peri'cnl above (fig. (»ud). 

riu' pri'S.suri* drop of tlu- mulli|»le conical tube fui'l inji'ctor was approxini atel_\ 

1.0 peri-ent at a ri‘feri'iu-e veloeitv of 20 m s (ink’t air temperature of 800 K 

and pressure of 0.2 .MPa). .\t 10 m/s llu* pressure drop was oiu'-fourth of that at 
20 m/ti or (*.25 peri’cnt. 

\'a|K) i-i/al ion data was taken with this fuel inji'idoi'. I lie di'gri'c of va|x»r- 
i/.ation was deti'rmiiu*d with the spillover teehiiii|ue as di*seribi>il in refeienee I. 
Measu |•enu•nts weiv taken in the eenti'r of the duet. Since sonu' va|H)i'i/ation 
data |M)iiits wei e taken outside the I'ffieii’iit tiperating raiigi- of the iMtal>tie con- 
verter this st'etion was replai’cd with a hvdrogen I'li riehed burner. .\ drilled 
plate with 75 perei'iit bloekagi* was usetl as a nameholder. The drilled plati' 
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was 2H.2 cm duwnslrcam of the Kua sampling probe. 

Nearly com[)lele va|H)iizalion, ‘JvS.5 jK'reenl, of the fuel was obtalneil at :ui 
inlet air temperature of 700 K (reference velocity of 10 m/s, a fuel-air I’atio of 

0.020, pressure of 0.3 MPa anil a vajHirization lenj;th of 17.8 cm). .As the inlet 
air temperature was ilecreaseil (see fij;. 7), tlu* ileni’ee of va|H)rization ilecreaseil 
.At an inlet air temperature of 000 K. about 88 percent of the fuel was va|x)rizcil 
ami at 100 K only 00.7 percent of the fuel was va|x»rizeil. 

IX'creasinj; tlu* fuel-air ratio from l».020 to O.OlO did not channi* tlie decree 
of va|x)rization (within llie sc.itter of the data) at 000 K and 10 m s. The decree 
of va|x)rization for tlu’ 0.010 fuel-air ratio was 80 pcrccjU versus tlie value from 
tlie curve througli tlie 0.020 fuel-air ratio points of 8.1.5 percent and tlie two 
0.020 fuel-air ratio data |x»ints of 87.0 and 80.0 perciait. 

Increasiiifi the reference velocity from 10 to 10 m/s increased the denri'e 
of vajxirization fi\)in 88 to 00. 0 percent at ;ui inlet air temperature of 000 K. 
Increasinn reference velocity lias two op|x)sin^ effects on va|x»ri/.ation. One ef- 
fect is to improve atomization which would ini|irovc vaixiri/ation. while tlic otlicr 
is to reduce dwell time which decreases vajxirization. Mncc the vaixirization 
increased with tlie increased velocity the cffcid of improved atomization was 
greater tluui the effect of reduced dwell time. 

•Air velocity measurements were taken with the traversing probes at mixing 
lengths of 17 :uul 25 cm. I'lic iirofiles were within tlO |)crcent across the diam- 
eter of the duct. 


SlMM.AltY OP llKSl 1. TS 

Pud preparations systems using a S>nicore, a j pi ash- groove, a multi|ili'- 
jet and a conical tulH* fiud injector were evaluated for use with a c:ital.\tic reactor 
The following results were obtained: 

1. The multiple conic:'.! tube fuel injector gavi* the best fucl-;dr distribution 
d:it:i. .A dist idlxition within ilO percent of the mc:in w;is obtained :it ;i 22. ‘.i i-m 
mixing length, within 2t* ix’rccnt at 17.8 cm mixing length ;ind within 10 percent 
;it :i 12,7 cm mixing length. 

2. With the multiple iojiic:il lube fuel injector ‘J8.5 |ierceiit of the fuel w:'s 
v:i|xirized at :in inlet ;iir tcni(x'r;ilure of 700 K. pressure of lb3 Ml’;i. fui'l-;'ir 
'•atio of 0.020, reference velocity of 10 m/s ;ind mixing length of 17.8 cm. 
Increasing the reference velocity from 10 to 10 m, s incre;isi‘d tlu* v:i(xiriz;ition 
from 88 to Oli.ti percent. The pressure drop w;is 0.25 [H'l'ccnt at 10 m s :ind 
1.0 iH'rccnl at 20 m/s. Pniform velocity profiles wei’c obt:iined dowiistre;mi of 
the injector. No :uiloigiiitioii nxictions were observed ;il the conditions tested. 
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3. A spatial fuel- air ratio distribution tliat was wifhin *40 percent of the mean 
was obtained using the multiple-jet fuel Injector and a mixing length of 25 cm. 
I’lacing a drilled plate upstream of Uie injector witli large holes in rich zones 

and small holes in lean zones improved the distribution to within ±20 pc'reent of 
die mean. 

4. The splash- groove fuel injector with a 45° vane angle air swirlcr had a 
maximum fuel- air ratio of 1.55 times tlie mean after a mbeing length of 20.3 cm. 
Decreasing the inlet diameter from 12 to 10.2 cm and using a 30° vane angle air 
swirler improved the distribution to within *20 percent of the mean with a mixing 
length of 24 cm. Ueducing the lengUi to 15.2 cm resulted in a poorer profile 
which was lean at the wall. 

5. The bonicore fuel injector gave the poorest fuel- air distribution results. 

At a mixing length of 24.7 cm it had maximum values of local fue.-air ratio to 
mean fuel-air ratio of 1 with a 30° vane .angle air swirler, 3 with a 45° swirler, 

1.8 with a 00° swirler and 1.5 with a connx)und 30° to 00° swirlcr. 
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Figure 1. - Rig schematic, dimensions in cm. 
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(a)SONICORE. 

Figure 2. - Fuel injectors, dimensions in cm. 
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Figure 2. - Continued. 
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Figure 2. - Continued. 
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(e) AIR SWIRLERS. 
Figure 2. - Concluded. 
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(a) CONSTANT VANE ANGLE AIR SWIRLERS. 


(b) COMPOUND AIR SWIRLfR. 30° INSIDE VANE ANGLE 
AND 60° OUTSIDE VANE ANGLE. 


V a Ws”ffa^ToiO ^ Sonicore fuel injector, 24.7 cm mixing length. T, 
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= 600K, Pj„ =0.5 MPa. 
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Figure 4. - Spatial fuel distribution, splash-groove fuel injector. 
Tjn = 800 K. P|n = 0. 3 MPa. Vp = 20 M/S. 
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Figure 5. - Spatial fuel distribution, 
multiple-jet fuel injector, 25 cm 
mixing length. Tjp * 800 K, Pj^ = 
0.5 MPa, Vr =20 M/s, f/a =0.010. 
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(a) MIXING If NGTH 22. 9 cm. (b) MIXING LENGTH 17. 8 cm. 
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(0 MIXING IfNGTH 12.7 cm. 

Figure 6. - Spatial fuel distribution, multiple conical tube fuel injector. 
Tjn * 800 K, Pjn « 0.3 MPa. 
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Figure 7. - Effect of inlet air temperature on 
degree of vaporization using multiple coni- 
cal tube fuel injector. Pjp = 0.3 MPa, 
vaporization length = 17.8 cm. 


